Abstract. Endothelial progenitor cells (EPCs) are an independent factor predicting cardiovascular events. Visfatin plays an important role in the pathogenesis of various metabolic disorders. In this study, we examined the effects of visfatin on the apoptosis of EPCs and the mechanisms underlying these effects. Cultured EPCs pre-treated with various concentrations of visfatin, FK866 (visfatin inhibitor) and BAY11-7085 [referred to as BAY11; nuclear factor-κB (NF-κB) inhibitor] were used to investigate the association between visfatin and EPC apoptosis. Following treatment with visfatin for 48 h, the EPCs exhibited a dose-dependent increase in apoptosis and an upregulated expression of Bax, caspase-3 and NF-κB at both the mRNA and protein level, and a decreased protein expression of Bcl-2. Compared with the untreated control group, the increase in EPC apoptosis, as well as in Bax and caspase-3 expression was significant following treatment with 150 ng/ml visfatin, which also induced a dose-dependent and significant increase in the protein expression of interleukin-6 (IL-6) and intercellular adhesion molecule-1 (ICAM-1). All the visfatin-induced effects were suppressed by pre-treatment with FK866. Pre-incubation of the EPCs with BAY11 for 1 h followed by treatment with visfatin (150 ng/ml) for 48 h also abolished visfatin-induced apoptosis; it also abolished the promoting effects of visfatin on the expression of caspase-3, Bax, ICAM-1 and IL-6, and its suppressive effects on the protein expression of Bcl-2. On the whole, our data indicate that visfatin induces EPC apoptosis by increasing the expression of pro-inflammatory mediators partly through the regulation of NF-κB.
Introduction
Visfatin, also known as pre-B-cell colony-enhancing factor and nicotinamide phosphoribosyltransferase (Nampt), was originally cloned in 1994 and is a multifaceted molecule (1) . As a nicotinamide adenine dinucleotide (NAD) biosynthetic enzyme, visfatin determines the activity of NAD-consuming enzymes, such as sirtuins and influences a variety of metabolic responses, prompting increasing attention in the literature.
Visfatin plays an important role in regulating insulin secretion, as it functions as an immunomodulatory cytokine and is involved in the inflammatory responses (2) . Visfatin has also been implicated in the pathogenesis of various metabolic disorders, with increased plasma concentrations of visfatin reported in overweight/obese subjects, as well as in pateints with type 2 diabetes mellitus, metabolic syndrome, atherosclerosis and cardiovascular diseases (3) (4) (5) (6) (7) . In atherosclerosis, visfatin has been implicated causatively by inducing oxidative stress and inflammation in endothelial cells, which subsequently damages vascular endothelial function (8) . Visfatin also participates in the inflammatory process in rat spleen by modulating macrophages and inflammatory cytokines (9) . In addition, treatment with visfatin in vitro has been shown to promote the proliferation of vascular smooth muscle cells (10) and to increase the endothelial expression of vascular cell adhesion molecule-1 (VCAM-1), intercellular adhesion molecule-1 (ICAM-1) and E-selectin, all of which are considered as biomarkers of endothelial dysfunction (11) . Thus, these cell types are implicated as both the targets and cellular sources of visfatin. Finally, a pathological role for visfatin was also reported by a study showing that the administration of visfatin impairs microvascular endothelium-dependent relaxation through a mechanism involving NADPH oxidase
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stimulation (12) . Despite these in vitro and in vivo data, the mechanisms underlying the function of visfatin remain controversial. Endothelial progenitor cells (EPCs) are progenitor cells that can migrate to the peripheral circulation to differentiate into mature endothelial cells. In the case of vessel impairment or tissue ischemia, EPCs mobilize to peripheral blood circulation, specifically home in to the damaged or ischemic tissue, and then differentiate further into mature endothelial cells (13) . Thus, the restoration and regeneration of endothelial cells depends not only on the proliferation and migration of mature endothelial cells, but also on the circulating EPC levels. Indeed, the decrease in the number of circulating EPCs has been used to independently predict atherosclerotic progression and poor prognosis in patients with coronary heart disease (14, 15) . It is also known that apoptosis plays a crucial role in the loss of EPCs, with data suggesting several factors that may be associated with traditional and the disease-related risk of eliciting apoptosis in EPCs, including C-reactive protein, oxidized lowdensity lipoprotein (LDL) and interferon-α (16-18).
Emerging evidence has established a potential link between adipokines and vascular dysfunction, while our previous studies have correlated EPC dysfunction in obese rats with serum visfatin levels (19) , with higher levels of serum visfatin and a lower level of circulating EPCs in the obese population (7). However, the specific mechanisms remain unclear, and few studies have specifically investigated visfatin and EPCs, and the related mechanisms of action. In the present study, we investigated whether visfatin plays a role in promoting EPCs apoptosis and aimed to elucidate the mechanisms underlying such effects.
Materials and methods
Isolation and culture of EPCs. This study was approved by the Ethics Committee of Hebei General Hospital. Informed consent was obtained from all subjects. Umbilical vein blood mononuclear cells (MNCs) of healthy pregnant woman donors were isolated by Ficoll density gradient centrifugation (Dakewe, Shenzhen, China). After washing with phosphate-buffered saline (PBS), the MNCs were resuspended in EGM-2MV medium (Lonza, Walkersville, MD, USA), supplemented with 20% fetal bovine serum, 1% Pen/Strep, 0.04% hydrocortisone, 0.1% heparin and 0.1% ascorbic acid in the presence of insulinlike growth factor-1 (IGF-1; 50 ng/ml), epidermal growth factor (EGF; 10 ng/ml), fibroblast growth factor (FGF; 50 ng/ml), vascular endothelial growth factor (VEGF; 50 ng/ml) and fibronectin (10 µg/ml). Six-well tissue culture plates pre-coated with fibronectin (Solarbio, Beijing, China) and the cells were seeded at a density of 2x10 6 cells/ml and cultured in a 5% CO 2 incubator at 37˚C. After 48 h of culture, non-adherent cells were removed by washing with PBS, and EGM-2MV medium was added to each well. The medium was changed every 2 days until treatment. The cells were observed daily under an inverted microscope (TS100F; Nikon, Tokyo, Japan).
Immunophenotyping of EPCs.
Immunophenotyping of cultured cells was detected by flow cytometry. Briefly, the EPCs were washed twice with PBS and incubated with EPC-specific markers for 30 min at 4˚C in the dark. The following FITC-or PE-conjugated monoclonal antibodies (mAbs) were used as EPCs markers: anti-human CD34 (555748) and anti-human CD309 (554680), also termed kinase insert domain receptor (KDR) (both from Becton-Dickinson, Franklin Lakes, NJ, USA). Isotype-matched irrelevant mAbs were used as negative controls. The cells were electronically gated according to their light scattering properties to exclude cell debris. CD309 + CD34 + double-positive cells were considered as EPCs. Data were detected on a FACSCanto flow cytometer (Becton-Dickinson) and analysed using SPSS 13.0 software (IBM, Armonk, NY, USA).
Uptake of Dil-acetylated low-density lipoprotein and staining for Ulex europaeus lectin. The EPCs were marked by cellular uptake of DiI-labeled acetylated LDL (DiI-ac-LDL; Molecular Probes, Eugene, OR, USA) and binding of FITC-conjugated lectin from Ulex europaeus agglutinin (FITC-Lectin-UEA-1; Sigma-Aldrich, St. Louis, MO, USA). After 10 days in culture, the attached cells were incubated with Dil-ac-LDL (2.5 µg/ml) in EGM-2MV medium for 3 h at 37˚C. The cells were then fixed with 2% paraformaldehyde for 10 min and incubated for 1 h with FITC-Lectin-UEA-1 (10 µg/ml). The cells were then observed under an Olympus Fluoview FV1000 laser scanning confocal microscope (OLFV-34CMXE; Olympus, Tokyo, Japan). Orange cells positive for both DiI-ac-LDL and FITCLectin-UEA-1 were identified as EPCs.
Treatment of EPCs with visfatin.
After being cultured for 7 days, the adherent EPCs were serum-starved for 24 h, and then incubated with human recombinant visfatin (Peprotech, Rocky Hill, NJ, USA) at various concentrations (0, 50, 100 and 150 ng/ml) for 48 h. In some experiments, the EPCs were pretreated with visfatin inhibitor (FK866, 10 µM; Sigma-Aldrich) or nuclear factor-κB (NF-κB) inhibitor [BAY11-7085 (referred to as BAY11), 5 µM; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA] 1 h prior to incubation with visfatin at various concentrations for 48 h.
Flow cytometry. The apoptosis of the EPCs was evaluated by flow cytometry. The EPCs were fluorescently labeled by the addition of 500 µl of binding buffer, 5 µl of Annexin V-FITC and 5 µl of propidium iodide (Miltenyi Biotec, Bergisch Gladbach, Germany). Following incubation in the dark at room temperature for 15 min, the cells were subjected to flow cytometric analysis. A minimum of 10,000 cells in the gated region was analyzed using a BD FACSCalibur Flow Cytometer (Becton-Dickinson). The esults were presented by the percentage of total cells.
Reverse transcription-quantitative PCR (RT-qPCR).
Total RNA was extracted from the EPCs using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). RNA was reversetranscribed into cDNA according to the instructions of the Easy Script First Strand cDNA Synthesis Super Mix kit (TransGen Biotech, Beijing, China). Specific primers designed for the amplification of caspase-3, Bax, Bcl-2, NF-κB and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were verified by NCBI Blast; primer sequences are listed in Table I . Reactions were carried out on an ABI PRISM 7300 PCR system (Applied Biosystems, Foster City, CA, USA) using SYBR-Green I GoTaq ® qPCR Master Mix (Promega, Madison, WI, USA). PCR reactions were performed in a total of 25 µl as follows: an initial cycle at 95˚C for 5 min, followed by 40 cycles of 95˚C for 15 sec, 58˚C for 20 sec and 72˚C for 30 sec. The gene expression was analyzed in duplicate and normalized against GAPDH. The results of each gene are expressed as relative expression using the ΔCt method.
Western blot analysis. The cells were washed twice with ice-cold PBS and cellular proteins from EPCs under various treatments were prepared with lysis buffer [1% NP-40, 150 mM NaCl, 50 mM Tris (pH 8.0), 0.1% aprotinin, 0.1% leupeptin, 0.035% pepstain A and 100 µg/ml PMSF] supplemented with protease inhibitor cocktail tablets (Roche Diagnostics, Mannheim, Germany) and solubilized for 30 min at 4˚C. The samples were centrifuged at 11,600 x g for 30 min at 4˚C. Protein concentrations were determined via Nanojob (Thermo Fisher Scientific, Inc., Waltham, MA, USA). Protein samples were then denatured in glyceraldehyde 3-phosphate dehydrogenase (SDS) sample buffer (125 mM Tris-HCl, pH 6.8, 50% glycerol, 2% SDS, 5% β-mercaptoethanol and 0.01% bromophenol blue) for 10 min at 100˚C. Equal amounts of proteins were separated by 10% SDS-PAGE and transferred onto polyvinylidene fluoride (PVDF) membranes (Millipore, Billerica, MA, USA). Subsequently, 5% non-fat milk in Tris-buffered saline was used for blocking for 4 h at room temperature. After blocking, the membranes were incubated overnight at 4˚C with appropriately diluted rabbit anti-human primary antibodies to caspase-3 (sc-2048; Santa Cruz Biotechnology, Inc.), Bax (50599-2-Ig; Proteintech, Chicago, IL, USA), Bcl-2 (2870; Cell Signaling Technology, Danvers, MA, USA), NF-κB (#21013; Signalway Antibody, Baltimore, MD, USA), ICAM-1 (ab53013) and interleukin (IL)-6 (ab32530) (both from Abcam, Cambridge, MA, USA), or mouse anti-human β-actin (66009-1-Ig; Proteintech), followed by incubation with the relevant secondary antibodies [caspase-3, Bax, Bcl-2, NF-κB, ICAM, IL-6: anti-rabbit IgG (L3012-1); β-actin: anti-mouse IgG (L3032-2); all from Signalway Antibody] for 2 h at room temperature. The immunoreactive proteins were visualized by the enhanced chemiluminescence (ECL) detection system. β-actin served as an internal control protein.
Statistical analysis. All experiments were repeated at least 3 times. Data are presented as the means ± SD and were analyzed using the SPSS statistical package (SPSS 13.0; IBM). Data were analyzed by homogeneity testing for variance.
Statistical significance was determined by ANOVA (post-hoc used Student-Newman-Keuls test) for comparison of normally distributed data with homogeneous variance relevant groups. P-values <0.05 were considered to indicate statistically significant differences.
Results

Culture of EPCs.
Newly isolated umbilical vein blood MNCs were round in shape when suspended in medium (Fig. 1A) . After 48 h of plating, the cells were partly attached (Fig. 1B) , with the adherent cells gradually elongating into a spindle shape (Fig. 1C) . At 7-10 days after plating, the adherent cells grew as colonies. A colony of EPCs was defined as a central core of round cells with elongated sprouting cells at the periphery (Fig. 1D) . The cells were round, triangle, oval or irregular. After 10 days, the cultured EPCs were linearly grown.
Immunophenotyping of EPCs. By flow cytometry, CD309
+ CD34 + double-positive cells were determined as EPCs (Fig. 2) .
Uptake of Dil-ac-LDL and staining for FITC-Lectin-UEA-1.
Following the uptake of Dil-ac-LDL and the binding of FITC-Lectin-UEA-1, double-stained EPCs were observed under a laser scanning confocal microscope (Fig. 3) .
Visfatin induces the apoptosis of EPCs. Recombinant human visfatin induced a dose-dependent and significant increase in EPC apoptosis, and this effect was completely abrogated by pre-treatment with FK866 (a visfatin inhibitor) (Fig. 4A) . As expected, visfatin significantly increased the expression levels of cleaved caspase-3 in a dose-dependent manner at both the mRNA and protein level, and pre-treatment with FK866 markedly suppressed the increased expression of cleaved caspase-3 ( Fig. 4B and C, and Fig. 5 ). The Bax/Bcl-2 expression ratio is critical for the induction of apoptosis; thus, we examined the expression of Bax and Bcl-2 in EPCs by both RT-qPCR and western blot analysis. Following treatment with visfatin, Bax expression was significantly upregulated at both the mRNA and protein level; however, the protein expression of Bcl-2 was decreased in a dose-dependent manner (P>0.05); these effects were all abolished by pre-treatment with FK866 (Figs. 4 and 5) . The mRNA expression of Bcl-2 in the EPCs exhibited no statistically significant change, although there was a decreased trend following treatment with visfatin. As a result, the ratio of Bax/Bcl-2 expression was markedly augmented in the EPCs (Figs. 4 and 5) .
Pro-inflammatory mediators are involved in the apoptosis of EPCs induced by visfatin. Treatment of the EPCs with various
concentrations of visfatin resulted in a dose-dependent and significant increase in the protein expression of ICAM-1 and IL-6, as determined by western blot analysis (Fig. 6 ). FK866 suppressed these upregulatory effects, indicating the involvement of pro-inflammatory mediators in the apoptosis of EPCs induced by visfatin.
NF-κB mediates visfatin-induced EPC apoptosis.
Compared with the EPCs not incubated with visfatin, the expression of NF-κB in the EPCs following treatment with various concentrations of visfatin increased in a significant and dose-dependent manner at both the mRNA and protein level, an effect that was inhibited by pre-treatment with FK866 (Fig. 7) .
The EPCs were additionally pre-incubated with NF-κB inhibitor (BAY11-7085, 5 µM) for 1 h, and then treated with visfatin (150 ng/ml) for 48 h. Compared with the visfatin-alonetreated group, BAY11 significantly diminished the increase in EPC apoptosis induced by visfatin. In addition, the increased expression of caspase-3 and Bax, and the decreased expression of Bcl-2 were all abolished in the BAY11-treated cells (Fig. 8) , suggesting that NF-κB may mediate visfatin-induced EPC apoptosis. Moreover, BAY11 also abolished the promoting effects of visfatin on the protein expression of ICAM-1 and IL-6 in the EPCs (Fig. 9) , indicating that visfatin promotes EPC apoptosis by regulating ICAM-1 and IL-6 expression through NF-κB.
Discussion
In the present study, we provide evidence that visfatin promotes the apoptosis of EPCs, as determined by flow cytometry, and that the pro-apototic effects were inhibited by pre-treatment with FK866, a visfatin inhibitor.
The number of EPCs in the blood circulation are regarded as an indicator of endothelial function and cardiovascular disease prognosis (20) . Following vessel impairment and tissue ischemia, EPCs can originate from the bone marrow and home into ischemic locations where they participate in the re-endothelialization of impaired blood vessels (13) . Therefore, EPCs play an important role in maintaining the completeness of endothelial structure and the normal function of the vascular endothelium. Several chronic factors have been implicated in mediating the apoptosis and dysfunction of EPCs, such as gluco-lipotoxicity, hyperglycemia, hyperlipidemia and oxidative stress (21) . Apoptosis is a multi-step process and an increasing number of genes have been identified to be involved in the control or execution of apoptosis (22) . There are two major pathways through which apoptosis occurs; the extrinsic pathway and the intrinsic pathway (23) . Although these two pathways may act independently of each other, they converge at the level of caspase-3. As the most important member of the caspase-family, caspase-3 is responsible for many biochemical mechanisms driving apoptosis that lead to the cleavage of nuclear and cytosolic material, chromatin condensation, fragmentation of DNA, and disassembly into membrane-enclosed vesicles (24) . Apoptosis is also regulated by members of the Bcl-2 family of genes (25), with the effect of the anti-apoptotic gene, Bcl-2, counteracted by the pro-apoptotic gene, Bax. Indeed, the balance between these opposing genes may be the key determinant of cell survival by regulating the apoptotic process, whereby an increase in the Bax/Bcl-2 ratio leads to the activation of caspase-3, and thus determines a cell's susceptibility to undergo apoptosis (25, 26) . Therefore, we detected the expression of apoptosis-related proteins in this study.
In this study, following treatment with visfatin, we detected decreased levels of the anti-apoptotic gene, Bcl-2, and increased expression levels of the pro-apoptotic gene, caspase-3, as well as an increased Bax/Bcl-2 ratio; all these effects were inhibited by FK866. This finding suggests that visfatin regulates the expression of Bax/Bcl-2/caspase-3 in the process of EPC death, which may explain, at least in part, the decreased number of EPCs.
Due to its role in inflammation, visfatin has been implicated in the pathogenesis of various metabolic disorders, such as metabolic syndrome, type 2 diabetes mellitus and obesity (6, 7, 27) . Our previous studies also revealed that visfatin treatment impaired the migration and adhesion capacity of EPCs (19) . A possible mechanism through which visfatin exerts these effects lies in the inflammation induced by visfatin, which may upregulate a series of inflammatory factors, leading to the apoptosis of EPCs and resulted in the reduction of their number and function (19) . Inflammation in EPCs has also been linked to pro-inflammatory adhesion molecules, which can be inducers of leukocyte recruitment (28) . Vascular inflammation is a common feature of vascular damage in a number of diseases and is a complex process that is initiated by activation of the immune system, leading to the increased expression of pro-inflammatory cytokines (29, 30) . Previous studies have shown that IL-6 is a potent pro-inflammatory cytokine involved in a number of pathological processes of vascular inflammation and injury, such as proliferative diabetic retinopathy and atherosclerosis, while IL-6 blockade can result in the prevention or therapeutic suppression of disease development (31) (32) (33) (34) . ICAM-1 is linked to the development of atherosclerosis and is well characterized for its roles in cell adhesion and actin polymerization processes (35, 36) . In addition, both IL-6 and ICAM-1 can be stimulated by the activation of the NF-κB signaling pathway (37, 38) .
In this study, we found that visfatin enhanced the protein expression of ICAM-1 and IL-6 in the EPCs, and that this effect was inhibited by pre-treatment with FK866 or BAY11-7085. These results suggest that in cultured EPCs, the synthesis of IL-6 and ICAM-1 is modulated by visfatin, and our data in agreement with those of a previous study, showing that visfatin enhances the expression of adhesion molecules (ICAM-1 and VCAM-1), as well as that of other inflammatory mediators through NF-κB activation in human endothelial cells (38) . We also found that treatment with visfatin increased the expression of NF-κB in the EPCs in a dose-dependent manner at both the mRNA and protein level. Given the regulatory effects of visfatin on Bcl-2/Bax/caspase-3, the present data showing that pre-treatment with the inhibitors, FK866 or BAY11-7085, effectively suppressed visfatin-induced apoptosis, as well as ICAM-1 and IL-6 protein expression, support the notion that NF-κB in part mediates visfatin-induced apoptosis. Taken together, the present data suggest that visfatin is an influential upstream factor inducing inflammation and the apoptosis of EPCs, and that its activity results in decreased quantities of EPCs via the upregulation of NF-κB. These findings are in line with those of previous studies demonstrating the involvement of NF-κB in endothelial cell dysfunction and impaired angiogenesis (38, 39) .
It has previously been reported that FK866 attenuates inflammatory responses and cellular apoptosis following organ injury, ultimately leading to improved cell survival by inhibiting NF-κB activation (40) . As FK866 is a specific inhibitor of visfatin, it is reasonable to speculate that visfatin induces apoptosis, at least in part, through NF-κB activation.
However, different cells show different responses following visfatin stimulation. Patel et al (41) demonstrated that the exogenous expression of visfatin in PC3 prostate cancer cells increased tumor cell proliferation and the expression of matrix metalloproteinase (MMP)-2/9 at the molecular level. Yang et al (42) generated stable cell lines from fibrosarcoma HT1080 and 293 cells which overexpress human visfatin protein and stable cell lines with visfatin knockdown using siRNA, and found that the stable visfatin-overexpressing cells were substantially more resistant to apoptosis induced by methylmethane sulfonate (MMS) than the control. FK866 also activates the apoptotic cascade in cancer cells with the release of cytochrome c and the activation of caspase-3 (43, 44) . In addition, differences in metabolism have been noted between normal cells and cancer cells (45) . The different metabolic pathways that cancer cells utilize to survive and proliferate under stress environments (46) may be explained by the discrepancy between normal cells and cancer cells in response to visfatin and FK866.
Furthermore, the effect of visfatin seems also to rely on dosage and the state of cellular activation. On the one hand, circulating visfatin induces the cellular expression of inflammatory cytokines, such as tumor necrosis factor-α (TNF-α), IL-8, IL-6 and MMP-9 by activating the p38-MAPK signaling pathway (47, 48) , in accordance with our data on EPCs, whereby IL-6 was prominently upregulated by visfatin. On the other hand, other studies have suggested that higher concentrations of visfatin result in the upregulation of anti-inflammatory mediators, such as IL-10 and IL-1 receptor antagonists (9, 11) . It is known that visfatin has dual functions in that it acts extracellularly as a pro-inflammatory cytokine and intracellularly as an enzyme catalyzing the rate-limiting step of the NAD salvage pathway from nicotinamide. Specifically, Rongvaux et al (49) demonstrated that visfatin, as an enzyme catalyzing the condensation of nicotinamide with phosphoribosyl pyrophosphate, participated in cellular resistance to genotoxic or oxidative stress, and it conferred to cells of the immune system the ability to survive during stressful situations. In addition, visfatin enables proliferating human endothelial cells to resist the oxidative stress indcued by high glucose, and to productively utilize excess glucose to support replicative longevity and angiogenic activity via SIRT1 (50), while it also induces angiogenesis via the MAPK and PI3K/Akt signaling pathways (51) . The reason for such discrepancies in the published findings surrounding visfatin is unclear. The doses and species used or exposure times are different among the studies and may have an effect that generates the different results.
To date, the mechanisms of action of visfatin as a cytokine remain unclear and numerous questions remain to be answered. However, our data indicate that visfatin induces EPC apoptosis by increasing the expression of pro-inflammatory mediators partly through the regulation of NF-κB. To fully understand the physiological machanism of visfatin and given the clear importance of this molecule to several physiological and pathological processes, further research is required.
